The essential oils from flowers of Lavandula officinalis L. (L. officinalis L.= L. angustifolia Mill.) were obtained by two hydrodistillation techniques: standard (technique I) and modified (technique II) Clevenger hydrodistillation. The yield, hydrodistillation kinetics, composition and antimicrobial activity of essential oils were investigated. The higher yield of oil was obtained by hydrodistillation technique II. The new analytical hydrodistillation kinetics model of essential oil from Lavandulae flowers was defined. The essential oil composition was analyzed by gas chromatography-mass spectroscopy (GC-MS The genus Lavandula contains many different species. Some Lavandula species have been used for medicinal purposes in ancient times. Lavender has found wide application in perfumes and cosmetics throughout history [1] . Labiatae are known for their multiple pharmacological activities: anticonvulsant, sedative, antispasmodic, analgesic, antioxidant and local anesthetic activity [2] [3] [4] [5] [6] . Phytochemical studies of the lavender have shown that the monoterpenes [7, 8] that are responsible for its pharmacologic activity, were the main components of the aerial parts and flowers of the plant [3, 9, 10] . Furthermore, nowadays, the lavender species are cultivated and are used in perfumery and cosmetics industry [9, 11, 12] .
Essential oils from aromatic plants receive particular attention as potential natural agents for food preservation [15] . Essential oils are proved to have different pharmacological effects, such as spasmolytic, hepatoprotective, antiviral, and anticarcinogenic effects [15, 16] . Many essential oils were natural antioxidants and presented the potential substitutes for synthetic antioxidants in food preservation [15, 16] .
Essential oils can be applied in pharmacology, pharmaceutical botany, medical and clinical microbiology, phytopathology and food preservation. The antimicrobial activity of essential oils of the Lamiaceae family has been the subject of several previous publications [7, 8, 15, 17] .
Lavender essential oils are used as an antibacterial agent. Gattefosse [17] described the use of lavender essential oils as an antiseptic mouthwash and in embalming. French lavender, Bulgarian lavender and generic "lavender" (type unspecified) essential oils have activity against a large number of bacteria and fungi. Bulgarian lavender essential oil inhibited 23 of 25 different bacteria [17] .
To separate oil from the plant material aqueous, aqueous-vapor and vapor distillation can be used [18] . The yield, taste and flavor of the oil depend on the technique used, i.e., on the hydrodistillation conditions [18] [19] [20] . Chemical composition of the essential oil depends on a number of parameters, such as the environmental conditions, the drying procedure, the storage conditions, the method of isolation of the essential oil, and the analysis conditions, which are used for the identification of the compounds [7] .
Hydrodistillation technique in which water from still flask was separated by filtration and used together with fresh water for immersing the plant material in a subsequent distillation was used for obtaining essential oil from parsley and mint [18, 20, 21] . In the available reference works there is no data for obtaining the essential oils of Lavandulae flowers with this technique, or data of the hydrodistillation techniques effects on the yield, composition and antimicrobial activity of essential oil, or the hydrodistillation kinetics. Based on the comparative investigation of the essential oils composition and the hydrodistillation kinetics, the aim of this work is to define the hydrodistillation technique to obtain maximum essential oil yield and to determine the parameters in the hydrodistillation kinetics equations. Antimicrobial activity of essential oil obtained by two hydrodistillation techniques was investigated using different microorganisms.
EXPERIMENTAL

Plant material
Dried flowers of Lavandula officinalis L. were used for hydrodistillation. The flowers were obtained from the Institute for Medicinal Plant Research "Dr Josif Pančić", Belgrade. The plant material was milled by an electrical mill with a fast-rotating knife (15000 rpm, 1 min) immediately before extraction (average diameter of plant-solid material was 0.5 mm).
Essential oil content in the plant material
The initial oil content in flowers of Lavandula officinalis L. was determined by the method presented in Ph. Jug. V [22] .
Essential oil isolation
Hydrodistillation
Effect of hydrodistillation hydromodulus. The plant material (15 g) was placed into the still flask, filled up with water in 1:8, 1:10, 1:15, 1:20 and 1:25 w/v (g/cm 3 ) ratios and distilled on a Clevenger-type distillation apparatus by recirculating the condensed water. A separate sample was used for each hydromodulus. The average oil yield was calculated from a series of five consecutive runs. The oil volume was recorded after 240 min.
Technique I. This technique is a classic Clevenger--type hydrodistillation (cohobation) [18, 20, 21] . The plant material (15 g) was immersed in 150 cm 3 of water in the still flask, and the oil was isolated using a Clevenger-type apparatus. The distillation was stopped after 240 min. The oil was collected in the phase separation funnel and dried over anhydrous sodium sulfate.
Technique II. Hydrodistillation technique in which water from the still flask (residue still water) was separated under vacuum using a Buchner funnel after distillation and used together with fresh water (the residue still water and fresh water volume was 150 cm 3 ) for immersing new amount of flowers in a subsequent distillation [18, 20, 21] . For each subsequent distillation a new quantity of plant material of 15 g was used.
Hydrodistillation kinetics
In the available reference works there is no data on the kinetic modeling of hydrodistillation. For modeling the kinetics of hydrodistillation of essential oils of Lavandulae flowers the analytical model was defined:
where q 0 is the essential oil content in the initial plant material (cm 3 /100 g dry plant material), q i − the content of the essential oil in the plant material after the period t (cm 3 /100 g of dry plant material), b − coefficient of the fast hydrodistillation period, k − coefficient of the slow hydrodistillation period (min -1 ) and t -hydrodistillation time (min).
Gas chromatography-mass spectroscopy (GC-MS)
The GC-MS analysis was carried out using a Hewlett-Packard 6890N gas chromatograph equipped with a fused silica capillary column HP-5MS (5% phenyl methylsiloxane, 30 m×0.25 mm, film thickness 0.25 μm, Agilent Technologies, USA) and coupled with a 5975B inert mass selective detector of the same company. The injector and interface were operated at 250 and 280 °C, respectively. The oven temperature was programmed as follows: from 70 to 225 °C at 5 °C min -1 , then isothermally held for 10 min. Helium was the carrier gas at 1.0 cm 3 min -1 ; the sample (10 -3 cm 3 of 1/100 diluted solution in diethyl ether) was injected in a pulsed split mode (split ratio 40:1). MS conditions were as follows: ionization voltage of 70 eV, acquisition mass range 35-500, scan time 0.32 s. Identification of components in the essential oil was based on retention indices relative to n-alkanes and computer matching with the Wiley 7NIST05 and EPA-NBS data library, as well as by comparison of the fragmentation patterns of mass spectra with those reported in the literature [23] .
Determination of refractive index
The Abbe refractometer AR3D (Krüss Optronic, Germany) was used for measuring refractive index (n d
20
).
Determination of essential oil density
A standard method for determining liquid density (d 20 
Estimation of mixing properties in ethanol
One ml of oil was added into a measuring cylinder, conditioned at 20±0.2 °C, then 1 ml of oil was added. Gradually, 80 vol.% ethanol, conditioned at 20±0.2 °C, was added to the sample by burette in 0.1 cm 3 portions. Ethanol was added until total of 20 cm 3 was reached, mixing after each addition. If the mixture became opaque or opalescent before the total quantity was added, the volume of ethanol used was recorded.
Antimicrobial activity
Cultures and culture media
The following microorganisms were used for the in vitro investigations of antimicrobial activity of the es- 
Disc diffusion method
For these investigations the disc diffusion method was applied [24] . From the primary isolation medium 2-3 colonies of investigated microorganism were suspended in Mueller-Hinton or Tryptic soy broth, and were incubated at 37 °C.
The suspension for inoculation was prepared from the broth cultures. The number of cells in 1 ml of suspension for inoculation measured by the McFarland nephelometer was 1×10 8 cfu/ml. A volume of 1 ml of this suspension was homogenized with 9 ml of melted (45 °C) Mueller-Hinton or Trypton soy agar [25] and poured into Petri dishes (90 mm).
For screening, sterile filter paper disks ("Antibiotica Test Blättchen", Schleicher and Schuell, Dassel, Germany, 6 mm in diameter) were impregnated with 0.02 cm 3 of essential oil and placed on the inoculated plates. The plates were incubated for 24 h at 37 °C for bacteria, and 48 h at 25 °C for fungi. After incubation, inhibition zone diameters, were measured and expressed in mm. The presence of the inhibition zone indicates the activity of tested samples against bacteria or fungi. The diameters of the inhibition zones were measured using a "Fisher-Lilly Antibiotic Zone Reader" (Fisher Scientific Co., USA).
Penicillin (6 µg/disc), amoxicillin (25 µg/disc), cephalexin (1 µg/disc) and nystatin (100 U/disc), (Bioanalyse) were used as reference standards.
RESULTS AND DISCUSSION
Essential oil content
The initial oil content in the flowers was 6.47 cm 3 per 100 g dry plant material.
Effect of hydrodistillation hydromodulus
The results of the investigation of the effect hydrodistillation hydromodulus on the yield of essential oil from Lavandulae flowers are shown in Table 1 . The highest oil yields of 5.73 cm 3 per 100 g of dry plant material (88.56% in regard to the oil content in the flowers) was obtained using a hydromodulus of 1:10 w/v for 240 min of hydrodistillation. A hydromodulus of 1:10 w/v was used as the optimal one in further investigations. 
Effect of hydrodistillation technique
The maximum essential oil yields for two different hydrodistillation techniques, for five hydrodistillation runs are given in Table 2 (hydrodistillation time: 240 min).
The highest yield of oil, after five consecutive hydrodistillation runs (6.35 cm 3 per 100 g of dry plant material), was obtained by the technique II.
By techniques I and II the average yield obtained from five hydrodistillation runs was 5.73 and 6.15 cm 3 / /100 g of dry plant material (88.56 and 95.05% compared to the initial oil content in the plant material), respectively ( Table 2) . The results presented in Table 2 show that the oil yield depends on the hydrodistillation technique used. The highest oil yield of 6.35 cm 3 /100 g of dry plant material (98.14% compared to the initial oil content in plant material) was obtained in the fifth hydrodistillation run by technique II for 240 min of hydrodistillation.
In five consecutive hydrodistillation runs by technique II, the oil yield increased with the increase of the number of hydrodistillation runs. In technique II, the increase of oil yield is 0.39, 0.14, 0.04 and 0.05 cm 3 /100 g of dry plant material in subsequent distillations. By technique II, 0.42 cm 3 /100 g of dry plant material (about 6.83% more than the yield obtained by technique I) was achieved and this increase is due to the use of water from the still flask. The oil yield increased with increasing number of hydrodistillation runs due to increasing the content of dissolved hydrophilic oil components in the water from the still flask, which was used in subsequent distillations to immerse the plant material. Figure 1 shows the kinetics of the oil hydroidstillation from Lavandulae flowers by two techniques used, in five consecutive runs (average yields of five hydroidstillations).
The curves show that there are two periods of hydrodistillation. In the first period, the fast hydrodistillation occurs, where the essential oil is evaporated out from the surface of the destructed cells. In the second period, a slow molecular diffusion of the essential oil from the internal part of the non-destructed cells (the slow hydrodistillation) occurs. The fast hydrodistillation (the curvilinear part of the hydrodistillation curve) is characterized by the coefficient of the fast hydrodistillation period, b, and the slow hydrodistillation by the coefficient of the slow hydrodistillation period, k, in the hydrodistillation curve equation (Eq. (1) The coefficient k represents a parameter that characterizes the rate of hydrodistillation of essential oils from non-destructed cells of plant material (min -1 ). Table 3 shows the values of coefficients b and k in the kinetics equations for the hydrodistillation of essential oil, by using hydrodistillation technique I and II (the average values of five consecutive hydrodistillation runs), the times of the fast hydrodistillation (TFH, min) and hydrodistillation levels (HL = 100(q 0 − q i )/q 0 ) for essential oil. On the basis of this data it is clear that in the period of fast hydrodistillation, 81.11% (technique I) and 88.10% (technique II) of essential oil was distilled by elution and dissolution of the essential oil from the surface of destructed cells of the plant material (Table  3 ). This shows that the crushing of the plant material used for the investigation has been relatively high. The
Figure 1. Hydrodistillation kinetics of Lavandulae flowers essential oils in five consecutive hydrodistillation runs by standard (technique I) and modified (technique II) Clevenger hydrodistillation.
high level of destruction of the cells increases the surface whence of the essential oil is distilled in the fast period, thus providing a high level of their distillation during that period. 
Essential oil composition
The plant "Lavandula" is best known for its flowers and the essential oil from flowers [14] . Table 4 shows the results of the GC-MS analysis of essential oils obtained by two different hydrodistillation techniques (technique I and II).
The composition on the resulting oils depends on the hydrodistillation technique used, which was shown by the results of GC-MS analysis of the oil composition (Table 4) .
In the essential oil obtained by standard Clevenger hydrodistillation (technique I) 21 components were registered and 16 components were identified. In the essential oil obtained by technique II (Table 4) , 31 components were registered and 22 components were identified. Identified components in oils obtained by technique I and II represent 89.33 and 94.46% of the total oil, respectively. According to results obtained by Kulenova, the main components in the oil of Lavandulae flowers were linalyl acetate (23.20%), linalool (25.70%) and lavandulyl acetate (12.50%) [26] . Camphor, which is the major component found in our investigation, was not previously reported [26] . The essential oil of the Lavandula from India contains less camphor (0.11%) and 1.8 cineole (1.14%) than the essential oil studied in this paper [27] .
These changes in the essential oil compositions might arise from several environmental (climatic, seasonal, geographical) and genetic differences.
Physical and chemical properties of the oils obtained by use of two different hydrodistillation techniques are given in Table 5 . The essential oils are pale-yellow in color and have a pleasant odor, typical for lavender flowers. The density and refractive index values of oils obtained by different techniques differ only slightly. The oil solubility was 7 and 8 parts of 80 vol.% ethanol for 1 cm 3 of oil. The results agree fairly with the literature data [28] . 
Antimicrobial activity
The results of the antimicrobial assay showed that the essential oils of Lavandulae flowers inhibited the growth of all the tested microorganisms (Table 6 ). Investigated Staphylococcus aureus strain was more sensitive than other investigated microorganisms, with inhibition zone of 29.0 mm. The oils also exhibited moderately strong antimicrobial activity against Klebsiella pneumoniae (inhibition zone 24.0 mm).
Inhibition zones of investigated oils against Salmonella enteritidis, Klebsiella pneumoniae, Staphylococcus aureus, Enterococcus faecalis, Candida albicans and Aspergillus niger were identical. Essential oil obtained by technique II showed a slightly higher inhibitory effect on Escherichia coli and Pseudomonas aeruginosa (the differences in inhibition zones were 1.0 and 0.5 mm, respectively) than oil obtained by technique I. It is likely that this effect resulted from different chemical composition of essential oils. The used technique (I and II) have a significant effect on the chemical composition of the obtained oils, but antimicrobial activity of both essential oils was almost identical.
1,8-Cineole and camphor are well-known chemicals with their pronounced antimicrobial potentials. Antimicrobial activities of borneol were also previously reported in different studies [14, 29] .
Antimicrobial activity of essential oil of Lavandulae flowers is the consequence of synergistic effects of these components with other components in the oil. For example, the essential oil obtained by hydroidstillation from lavender aerial parts [17] has no antimicrobial activity against Pseudomonas aeruginosa, while oil obtained in our study showed activity against this bacterium.
However, it is difficult to compare the data with the literature because several variables influence the results, such as the environmental and climatic conditions of the plant and the choice of the isolation method and antimicrobial test. Moreover, the standard criteria for the evaluation of the plant activity are lacking and therefore the results obtained by different authors are widely different [30] .
CONCLUSIONS
The essential oil yield depends on the hydroidstillation technique. The higher oil yield was obtained by hydrodistillation technique II. The new analytical hydrodistillation kinetics model of essential oil from Lavandula flowers was defined. The essential oil composition depends on the hydrodistillation technique used. The highest content in the oil obtained by techniques I and II had camphor (19. 
